varying environmental temperatures, they are under constitutive control, but they may also be subject to fi ne regulation both transcriptionally and posttranscriptionally. We measured transcript accumulation of the seed-expressed SAD-A and SAD-B and FAD2-1A and FAD2-1B genes in the seeds of three soybean varieties grown at cool (22/18°C), normal (26/22°C), or warm (30/26°C) temperatures during pod fi ll. At the cool temperature, transcript accumulation of both the SAD and FAD2-1 genes was signifi cantly elevated, with FAD2-1B 2-to 10-fold or greater than FAD2-1A at 35 d after fl owering. Expression of both SAD and FAD2-1 were signifi cantly decreased in seed that developed at the warm temperature. Decreased FAD2-1 transcript accumulation at the warm temperature was positively associated with signifi cantly increased oleic and decreased linoleic acid content in the three varieties examined. Decreased SAD transcript accumulation at the warm temperature was positively associated with a significantly increased level of stearic acid but only in the high-stearate mutant line, A6. We conclude that environmental temperature modulates oleic and linoleic acid in developing seed through regulated FAD2-1 gene expression, but temperature modulation of stearic acid content in wildtype soybean may be more complex, involving in addition to SAD-A and -B, plastid thioesterase genes FATA and FATB.
Soluble delta-9 stearoyl-ACP desaturases (SADs) are found in all plant cells and are essential for the biosynthesis of unsaturated membrane lipids. This enzyme introduces the fi rst double bond into stearoyl-ACP (18:0-ACP) between carbons 9 and 10 to produce oleoyl-ACP (18:1 Δ9 -ACP). SAD is unique to the plant kingdom since all other known desaturases are integral membrane proteins (Ohlrogge and Browse, 1995) . In addition, SAD occupies a key position in C 18 fatty acid biosynthesis since perturbation of SAD gene expression and/or enzyme activity may modulate the relative levels of both stearic and oleic acid in the oil. Two genes encoding SADs in soybean were recently cloned by polymerase chain reaction (PCR) using primers designed to a G. max SAD seed-expressed cDNA sequence (Byfi eld et al., 2006) . SAD-A and -B transcripts were most highly expressed in seed tissues during seed development, but diff erences between SAD-A and -B transcript abundance in seed, while quantifi able, were not dramatic. A survey of the genomes of 51 soybean lines and cultivars with PCR and the gene-specifi c primers indicated that all 51 had both SAD-A and -B.
The microsomal omega-6 desaturase (FAD)-catalyzed pathway is the primary route of polyunsaturated lipid production in plants. This membrane-bound enzyme catalyzes the fi rst extra-plastidial desaturation and converts oleic acid esterifi ed to phosphatidylcholine to linoleic acid. Arabidopsis thaliana has a single FAD2 gene that is expressed both in vegetative tissues and developing seeds (Okuley et al., 1994) . This gene is likely responsible for the conversion of oleic to linoleic acid in both the vegetative and seed storage tissues of Arabidopsis. Two diff erent FAD genes, FAD2-1 and FAD2-2, were identifi ed in soybean (Heppard et al., 1996) . FAD2-1 is specifi cally expressed in developing seed and not in vegetative tissues, while FAD2-2 is constitutively expressed in both vegetative tissue and developing seeds. Although FAD2-2 contributes to the production of linoleic acid in all tissues, transcript expression analysis suggests that FAD2-1 plays the major role in the conversion of oleic acid to linoleic acid within storage lipids during the midmaturation stages of seed development because the expression level of FAD2-1 is much higher than that of FAD2-2 during this period of maximal storage lipid biosynthesis. Recently, two soybean seed-specifi c isoforms, A and B, of the original FAD2-1 gene, diff ering in 24 amino acid residues, were isolated and characterized (Tang et al., 2005) . FAD2 genes showing tissue-specifi c expression have also been identifi ed in cotton (Gossypium hirsutum L.) (Liu et al., 1997) and sunfl ower (Helianthus annuus L.) (Martinez-Rivas et al., 2001) .
Plants must acclimate to changes in environmental temperature. In so doing they must maintain cellular membrane fl uidity to provide a milieu suitable for the function of integral proteins and enzymes. Not surprisingly, a strong association has been observed between environmental temperature and the fatty acid content of both membrane and storage lipids in plant tissues. For example, monounsaturated fatty acids are observed to increase (Wolf et al., 1982) and polyunsaturated fatty acids decrease in storage lipids with increasing temperature during soybean pod fi ll (Neidleman, 1987; Rennie and Tanner, 1989; Thompson, 1993; Gibson and Mullen, 1996) . Early research suggested that fatty acid desaturases may mediate the response of plants to high and low growth temperatures Stumpf, 1980a, 1980b) . Cheesbrough (1989) demonstrated that the activities of both microsomal oleoyl (omega-6) and linoleoyl (omega-3) desaturases signifi cantly decreased in soybean cell suspension cultures with increasing incubation temperature. Other mechanisms are also likely involved in the response of plant desaturases to temperature. These include the modulation of desaturase enzyme content in tissues through transcriptional and posttranscriptional control (Murphy and Piff anelli, 1998) . In maize, the transcript accumulation of a plastid-localized omega-3 desaturase gene increased in response to growth at low temperature, suggesting regulation at the gene transcription level (Berberich et al., 1998) . In contrast, the membrane-associated omerga-3 desaturase of wheat showed increased enzyme accumulation with increased linolenic acid production at low growth temperature, but in the absence of signifi cant changes in transcript abundance (Horiguchi et al., 2000) . Transcript levels of one of the two omega-3 desaturases in Arabidopsis, FAD8, decreased dramatically in response to growth at elevated temperature, but accumulation of the other, FAD7, remained unchanged (Gibson et al., 1994) . FAD7 enzyme was later reported to be specifi cally destabilized by high temperature, suggesting regulation by a posttranscriptional mechanism (Matsuda et al., 2005) . A posttranscriptional control mechanism also appears likely for the temperature-dependent regulation of the Arabidopsis FAD2-encoded omega-6 desaturase. Functional FAD2 gene has been shown to be required for normal Arabidopsis growth at low temperature (Miquel et al., 1993) , but no changes in FAD2 transcript levels were observed when plants were transferred from 22 to 6°C (Okuley et al., 1994) . Heppard et al. (1996) found that the linoleic acid level increased as temperature decreased in soybean seed 26 d after fl owering (DAF), but that this change was not accompanied by any corresponding change in FAD2-1 transcript accumulation as determined by RNA gel blot analysis. Using heterologous expression in yeast, Tang et al. (2005) demonstrated that two posttranscriptional mechanisms were involved in the temperature regulation of the two soybean isoforms of FAD2-1. They found that FAD2-1A was less stable and had a higher protein turnover rate than FAD2-1B in cultures maintained at elevated growth temperatures. In addition, a specifi c serine residue was identifi ed in both FAD2-1 sequences that, when phosphorylated, might downregulate enzyme activity.
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CROP SCIENCE, VOL. 47, JULY-AUGUST 2007 (warm), D/N = 12/12. These temperatures were maintained to the end of the experiment. Seeds were harvested at four developmental stages between R5 (beginning of seed set) and R6 (mature bean) coinciding with 18, 23, 28, and 35 DAF from three plants of each variety in each chamber and quickly fl ash frozen in liquid nitrogen and stored at -80°C.
RNA Isolation and Real-Time RT-PCR
RNA extraction was done on three seed samples for each of the four developmental stages. The Qiagen RNeasy Plant Mini kit (Valencia, CA) and the manufacturer's protocol were used to isolate total RNA from 100 mg of frozen powdered tissue per sample. All samples were DNase treated with Ambion DNAfree (Houston, TX) according to the manufacturer's directions. RNA concentrations were determined using a DU-640 spectrophotometer (Beckman Coulter, Fullerton, CA) set at absorbance 260 nm. Aliquots of RNA (free of genomic DNA) were diluted to 50 ng/μL in RNase-free water and stored at -80°C until use. To verify RNA integrity, 500 ng of total RNA of each sample was visualized on a 1% agarose gel following electrophoresis and staining with ethidium bromide.
Real-time, RT-PCR was performed with the iCycler (Bio-Rad, Hercules, CA) using the SYBR Green RT-PCR kit (Qiagen) to quantify SAD, FAD2-1 and soybean actin transcripts. Real-time primer sets for SAD-A and -B and actin were developed by Byfi eld et al. (2006) . Primer set A, F-5´CCTGTTTGATAACTACTCTGCC3´ and R-5´TCTTCCCTCACCTGAAAGTCCG3´, produces a 133-bp SAD-A amplicon. Primer set B, F-5´CCTGTTTGATAGC-TACTCTTCG3´ and R-5´GTTAGCTGCTCCACCTCC3´, produces a 111-bp SAD-B amplicon. The primer set specifi c for the housekeeping gene, actin, was F-5´GAGCTATGAATT-GCCTGATGG3´ and R-5´CGTTTCATGAATTCCAG-TAGC3´, derived from GenBank accession number U60500 (Moniz de Sa and Drouin, 1996) , and produces a 118-bp amplicon. A typical reaction, done in duplicate, contained 12.5 μL of 2X SYBR Green PCR master mix, 250 nM each primer, 0.25 μL RT mix, 250 ng total RNA, and nuclease-free water to 25 μL. Conditions for reverse transcription and amplifi cation were 50°C for 30 min followed by 95°C for 15 min, then 40 cycles of 15 s at 94°C, 30 s at 60°C, and 30s at 72°C. A melt-curve analysis over a 10°C temperature gradient at 0.05°C s −1 from 78° to 88°C was done after amplifi cation to verify that a single product was produced in each reaction.
An original set of FAD2-1 primers, F-5´CACCTACTTCCACCTCCTTC3´ and R-5´CACCCT-CAATACCTTCAAAACA3´, was designed based on the published sequence for the Glycine max FAD2-1 seed-expressed, microsomal omega-6 desaturase mRNA (Genbank accession no. L43920, Heppard et al., 1996) . We used these primers to amplify FAD2-1 sequences from 16 soybean varieties using genomic templates. Sequence alignments of the FAD2-1 products revealed that the sequences could be placed into two consensus groups, similar to the results of Tang et al. (2005) from their investigation of microsomal omega-6 desaturase expressed sequence tags (ESTs). We used their fi ndings to classify our sequences as either FAD2-1A or FAD2-1B. Using the FAD2-1 sequence information, we designed primers for the real-time quantifi cation of transcripts of the two FAD2-1 genes. PCR Other genes likely infl uence the stearic and oleic acid content of storage lipid in developing soybean seeds. Plastid-localized acyl-acyl carrier protein (ACP) thioesterase enzymes terminate chain elongation by hydrolyzing the newly formed acyl-ACP into free fatty acids and ACP ( Jones et al., 1995; Ohlrogge and Browse, 1995) . Subsequently, the free fatty acids may exit the plastid to take part in further lipid biosynthesis. Acyl-ACP thioesterase FATB hydrolyzes palmitoyl-ACP and stearoyl-ACP to, respectively, palmitic and stearic acid. Acyl-ACP thioesterase FATA hydrolyzes oleoyl-ACP to oleic acid and ACP. Up-or downregulation of the expression of the acyl-ACP thioesterase FATB gene by temperature could result in increased or decreased stearic (and palmitic) acid content in soybean oil. Similarly, temperature regulation of FATA gene expression could result in altered oleic acid content in soybean oil.
In this study, we used gene-specifi c primers and real-time, reverse transcription-polymerase chain reaction (RT-PCR) to examine and reexamine the eff ect of temperature on the expression of the newly characterized SAD-A and -B and FAD2-1A and -1B genes in developing soybean seeds during the period of maximal storage lipid biosynthesis. For this purpose, total RNA was extracted from seeds produced under three air temperature regimes. Fatty acid composition of the seeds was analyzed so that we could identify associations between temperature, desaturase gene expression, and an estimate of the in vivo synthesis of stearic, oleic, and linoleic acid in the developing seed.
MATERIALS AND METHODS

Plant Varieties and Growth Conditions
Glycine max lines were chosen for this study based on seed fatty acid composition at maturity. Fatty acid analysis of seeds of the maturity group V soybean cultivar Dare (Brim, 1966) indicated 3% 18:0, 21% 18:1, 58% 18:2, of the maturity group 0 high-stearate mutant A6 (Hammond and Fehr, 1983) , 22% 18:0, 22% 18:1, 43% 18:2, and of the maturity group IV midoleic line N01-3544 (Burton et al., 2005) , 3% 18:0, 52% 18:1, 33% 18:2. Seeds were supplied by J.W. Burton, USDA-ARS, Raleigh. Plants were grown in semicontrolled chambers at the Southeastern Plant Environment Laboratory (Phytotron) at N.C. State University, Raleigh, N.C. Pregerminated seeds were planted in 25-cm pots containing standard mix (1/3 peatlite and 2/3 gravel), and fi ve plants of each variety were grown in a random arrangement in each of three chambers. Chambers were initially maintained at a day/night (D/N) temperature of 26/22°C (normal) with 14 h of incandescent light and 10 h of darkness interrupted by a 1-h period of light to synchronize plant development and fl owering. Plants were watered twice daily with deionized water, and nutrient solution was supplied thrice per week. On Day 15, the light interruption was stopped and chambers were reset to D/N = 12/12 h to induce fl owering. On Day 36, temperatures were changed in two chambers: one to 22/18°C (cool), D/N = 12/12, and the other to 30/26°C with primer pair F-5´CCAATGGGTTGATGATGTTG3´ and R-5´GTTGTTTAAGTACTTGGAAA3´ is specifi c for the amplifi cation of FAD2-1A and produces a 178-bp amplicon. A second primer pair, F-5´TTGACCGTTCACTCAGCAC3´ and R-5´GGTTGTTCAGGTACTTGGTGT3´, is specifi c for FAD2-1B and produces a 154-bp amplicon. A typical real-time RT-PCR reaction for FAD2-1 transcript quantifi cation was done as previously described for SAD except the amplifi cation conditions were 40 cycles of 15 s at 94°C, 30 s at 56.5°C, and 30s at 72°C, followed by the melt-curve analysis.
SAD, FAD2-1, and actin transcript abundance was mathematically determined by comparison of individual PCR cycle threshold values with a standard curve generated from serial dilutions of the respective authentic transcript fragment. Control reactions with RNA template but without reverse transcriptase amplifi ed no product. Copy number, initially determined per microgram of total RNA, was normalized to the expression level (copy number) of the soybean actin gene.
Analysis of Oil and Fatty Acid Content
Seed samples used for RNA extraction were also the source material for oil and fatty acid analysis. Oil content of soybean seeds was determined by pulsed proton NMR using a Maran pulsed NMR (Resonance Instruments, Witney, Oxfordshire, UK) by the fi eld induction decay-spin echo procedure of Rubel (1994) . Oil and moisture content were measured and oil (% dry wt.) was determined by correcting for moisture content. Oil data were expressed as milligrams of oil per gram of seed. Fatty acid methyl esters (FAMEs) of the seed samples were prepared using acid methanolysis. Powdered seed tissue was heated to and held at 85°C for 90 min in a 5% HCl 95% methanol solution. FAME was partitioned two times into hexane and transferred to 2-mL vials for analysis. The FAMEs were separated by gas chromatography using an HP 6890 GC (Agilent Technologies, Inc., Wilmington, DE) equipped with a DB-23 30-m × 0.53-mm column (same source). Operating conditions were 1-μL injection volume, a 20:1 split ratio, and He carrier gas fl ow of 6 mL min −1 . Temperatures were 250°C, 200°C, and 275°C for the injector, oven, and fi eld induction decayspin echo procedure, respectively. Chromatograms were analyzed using HP ChemStation software (Agilent Technologies, Santa Clara, CA), and fatty acid contents were calculated as a fraction of seed dry weight and expressed as milligrams of fatty acid per gram of seed.
Statistical Analysis
The accumulation of desaturase transcripts and the accumulation of stearic, oleic, and linoleic acid in seed across temperatures was statistically analyzed for signifi cance (ANOVA) on-line at www.physics.csbsju.edu/stats/anova.html (verifi ed 20 Apr. 2007).
RESULTS
Effect of Temperature on Stearic, Oleic, and Linoleic Acid Content in Developing Seed
The stearic, oleic, and linoleic acid content in seeds 28 and 35 DAF is shown in Table 1 . The eff ect of the warm environment on mean stearate accumulation in developing seeds varied with soybean variety. No statistically signifi cant changes (p < 0.05) in stearic acid content related to temperature treatments were measured in the seeds of Dare and N01-3544 at 28 and 35 DAF. Across the three temperature environments, the seeds of A6 had the highest stearate content, and mean stearic acid content in A6 seeds from the warm environment increased by 40.4 mg g −1 seed at 35 DAF. The data revealed that temperature modulated the accumulation of oleate and linoleate in the developing seeds of the three varieties in a similar and statistically signifi cant (p < 0.05) way: as temperature increased from the cool to the warm, oleate content increased and linoleate content decreased. The increase in mean oleic acid content (combined means of 28 and 35 DAF) was greatest in seeds of the mid-oleic acid line N01-3544, where a gain of approximately 57.0 mg oleate g −1 seed was measured in the warm environment. The decrease in mean linoleic acid content (combined means of 28 and 35 DAF) was greatest in seeds of the high-stearate mutant A6, where a loss of 44.2 mg linoleate g −1 seed was measured in the warm environment. Although similar trends with respect to temperature eff ects on seed fatty acid content were seen at the earlier 
Effect of Temperature on SAD and
FAD2-1 Expression in Developing Seed
SAD and FAD2-1 transcript accumulation data, normalized to soybean actin, for 28 and 35 DAF are shown in Table 2 . The data reveal that temperature regulates the accumulation of these desaturase gene transcripts in the developing seeds of all three varieties in a consistent manner: more transcript accumulation at the cool temperature and less at the warm temperature. The data, with one exception, are statistically signifi cant (p < 0.05) for the eff ect of temperature on desaturase transcript accumulation. Transcript accumulation from SAD-A and -B and FAD2-1A and -1B decreased signifi cantly when seeds of the three soybean varieties developed in the warm compared to the cool environment. SAD-A and -B transcript accumulations were essentially equal (and decreasing) from the cool to the warm environment, whereas FAD2-1B transcript accumulation was 2-to 10-fold or greater than that of FAB2-1A at each temperature. Stearic acid content was signifi cantly elevated (Table 1) , and SAD-A and -B transcript accumulation decreased in seeds of mutant A6 that develop in the warm compared to the cool environment. However, stearic acid content remained relatively constant (Table 1) , while SAD-A and -B transcript accumulation decreased in seeds of cultivar Dare and mid-oleic line N01-3544 that developed in the warm compared to the cool environment. Oleic acid content increased in the seed of all three varieties that develop in the warm temperature. Linoleic acid content and FAD2-1 transcript accumulation both decreased in seeds of all three soybean varieties that developed in the warm environment.
DISCUSSION
Using real-time RT-PCR we found that varying temperature during soybean seed development modulated the transcript accumulation of the seed-expressed, delta-9 stearoyl-ACP SAD-A and -B genes. At 28 and 35 DAF, the expression of these genes was signifi cantly upregulated by the cool temperature (22/18°C) treatment in the three soybean varieties we examined. Before this result, we could fi nd no published account of the regulation of a seed-expressed SAD by temperature. However, current research does suggest that upregulation of SAD transcript accumulation with presumably increased desaturase enzyme accumulation may enhance cold tolerance in plants. In this context, stearate content in cell membranes would be lowered, and oleate and ultimately polyunsaturated fatty acids elevated to maintain fl uidity. The conversion of stearate to oleate in membrane lipids is essential for the conversion of the physical state of a membrane from the low-temperature-induced gel state to the liquid-crystalline state required for the maintenance of key enzyme function. Research by Vega et al. (2004) suggested that cold acclimation in potato plant leaves involves the response of SAD gene expression to cold temperatures. Using RT-PCR to quantify transcript accumulation, they found that SAD gene expression increased when young potato leaves of a cold-tolerant species of potato were exposed to cold temperatures, but not in a cultivated nonacclimating species. Research has shown that the stearic/oleic fatty acid content of soybean seed is modulated by temperature. Wilson and Burton (1993) found that stearic acid in the triacylgylcerol fraction from A6 seeds decreased at lower temperature (22/18°C). They speculated that the decreased stearate content might be due to low-temperature modulation of SAD enzyme activity. We found that the stearic acid content of A6 Temperature has also been shown to modulate the oleic acid content and the transcript abundance of genes in developing soybean seeds. Rennie and Tanner (1989) demonstrated that the oleic acid content in A6 seeds increased with increasing growth temperature. Thomas et al. (2003) also showed that oleic acid increased with increasing temperature, but linoleic acid decreased. Using diff erential mRNA display they demonstrated that transcripts of the auxin-regulated gene ADR12 and beta-glucosidase, a gene expressed during normal soybean development, were more highly expressed in seeds grown at the cool temperature (28/18°C) than at 40/30°C. Their results confi rmed previous studies showing that higher temperatures altered soybean seed fatty acid composition and suggested that transcript regulation may be one mechanism by which seed oleate and linoleate content are adjusted to meet changes in environmental temperature to maintain a viable program of seed development. With real-time RT-PCR we found that varying the environmental temperature during soybean seed development also modulated the transcript accumulation of the seed-specifi c microsomal omega-6 desaturase genes FAD2-1A and -1B. At 28 and 35 DAF, FAD2-1A and -1B transcript accumulation decreased signifi cantly in seeds that developed in the warm (30/26°C) environment (Table 2 ). The in vivo accumulation of oleic acid increased and linoleic acid decreased in seeds of each of the three varieties examined in this environment (Table 1) . We found that the transcript accumulation of FAD2-1B was approximately 2-to 10-fold greater than FAD2-1A at each temperature studied. This observation may indicate that FAD2-1B has the greater steady-state transcript abundance and/or transcript stability of the two. In fact, Tang et al. (2005) reported that more than twice as many FAD2-1B ESTs were found in comparison with FAD2-1A from their database searches, suggesting that the FAB2-1B is likely to be more highly represented than the FAD2-1A isoform in the mRNA pools of developing seed. Our fi ndings do diff er from those previously reported by Heppard et al. (1996) . They employed northern blot analysis to measure omega-6 desaturase transcript accumulation in seeds at 17 and 26 DAF. They observed that oleic acid increased with increasing temperature but found no corresponding decrease in FAD2-1 transcript accumulation in soybean seeds developing in warm temperatures. They concluded that the increased level of oleic acid and decreased level of linoleic acid in soybean lipids from seeds grown at warm temperatures is likely the result of posttranscriptional regulation of microsomal omega-6 desaturase enzyme activity rather than enhanced expression of FAD2-1 genes. Subsequent research (Tang et al., 2005) has provided evidence for two such posttranscriptional mechanisms. Our data suggests that the temperature-dependent alteration of oleic and linoleic acid in seed storage lipids may be mediated by transcriptional as well as posttranscriptional mechanisms. Real-time RT-PCR may have provided a more sensitive measurement of the eff ects of temperature on transcript accumulation. Moreover, quantifi cation of the two isoforms of FAD2-1, which we measured separately, may account for much of the discrepancy between our results. Future research focused on quantifying desaturase protein accumulation in seed tissues should be especially enlightening in those situations where enzyme activity and/or content changes, but transcript levels appear not to change.
